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Twenty-four lakes associated with the Yangtze floodplain and Huaihe basin, China, 19 
with different degrees of disconnection from the river systems, exhibited managed 20 
hydrologies ranging from minimally fluctuating reservoir-like lakes, through 21 
intermittently fluctuating lakes to those with large, quasi-natural fluctuations in level. 22 
We hypothesized that annual water-level fluctuations limit growth and survival of the 23 
emergent macrophyte Zizania latifolia. We investigated adaptations to submergence 24 
and sought to define the tolerances of Z. latifolia to the amplitude and timing of 25 
water-level fluctuations in these types of lake, at different stages in its phenology and 26 
life cycle. Shoots from rhizome buds emerged in early spring and reached maximum 27 
extension with high water levels in summer. Z. latifolia did not occur in lakes with the 28 
highest amplitude (> 5 m) of fluctuation. Height growth in lakes with low amplitude 29 
(reservoir-like) was smaller than in lakes with greater amplitude (intermittent to 30 
quasi-natural fluctuations), giving the appearance of ‘short’ and ‘tall’ phenotypes. 31 
Across all lakes, however, maximum height was linearly related to water depth in 32 
June and to annual amplitude of water level, indicating a continuous phenotypic 33 
response. Peak biomass was weakly affected by these environmental drivers. Field 34 
experiments showed that seedlings tolerated water depths of c. twice their height (0.6 35 
m), and submergence rates similar to their maximum extension growth rate (2 cm.d-1). 36 
Sprouting of rhizome buds was unaffected by submergence to a depth of 0.4 m, but 37 
then declined with depth. This study reveals the effects of large-scale hydrological 38 
engineering on an emergent macrophyte of economic and conservation importance 39 
and informs the management of its populations under seasonally fluctuating 40 
water-level regimes. 41 
 42 
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1. Introduction 45 
Macrophytes are important components of many aquatic systems, contributing to 46 
biodiversity and helping maintain water quality. Water levels in lakes and rivers 47 
fluctuate naturally, largely in response to seasonal rainfall patterns, and such 48 
water-level fluctuations have been important selective forces in the evolution of many 49 
aquatic macrophytes. This has resulted in a variety of adaptations in morphology, 50 
phenology, and life-history strategy that confer fitness in the face of changing water 51 
levels (Poff et al., 1997; Liu et al., 2006a,b; Manzur et al., 2009; Song et al., 2015). 52 
Hydrological management for water conservation and in response to climate change 53 
has greatly modified the water-level fluctuation regimes of many lakes, often leading 54 
to significant declines in aquatic vegetation. In particular, engineering projects that 55 
necessitated a disconnection between rivers and lakes have tended to stabilize water 56 
levels in lakes of the Yangtze floodplain, significantly changing the vegetation types 57 
and reducing species diversity (Wang and Wang, 2009; Zhang et al., 2014). Therefore, 58 
it is necessary to understand the tolerances and requirements of aquatic macrophytes 59 
in relation to water-level fluctuations at different stages in their life histories, in order 60 
to carry out ecologically informed water level regulation (Liu et al., 2017). 61 
Studies of adaptations to alternating flood and drought have often focused on 62 
riparian systems (Lytle and Poff, 2004; Merritt et al., 2010). For instance, woody 63 
species in the flood plains of seasonally flooded riparian systems in arid or semi-arid 64 
regions have been of interest, because a sequence of flooding conditions is necessary 65 
for seedling establishment e.g. as receding waters expose moist sites suitable for 66 
germination (Mahoney and Rood, 1998; Merritt, 2004; Rood et al., 2005). Less is 67 
known about the adaptations of emergent macrophytes in lakes with seasonally 68 
fluctuating water levels. Different water levels potentially affect growth (Edwards et 69 
al., 2003; Deegan et al., 2007) and competitive interactions between species (Kennedy 70 
et al., 2003). From a life history perspective, there is evidence that rapidly rising water 71 
levels may be deleterious to seedling establishment, as well as to recruitment of 72 
shoots from rhizome buds, and ultimate survival of shoots. Similarly, rapidly falling 73 
water levels may have adverse effects on established plants.  74 
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 Zizania latifolia is an emergent, perennial grass (Poaceae) that is endemic to East 75 
Asia. It perennates as a rhizome and can grow to a height of 4 m in one growing 76 
season, potentially allowing it to withstand large water-level fluctuations (Li et al., 77 
1992; Li, 1995; Zhang et al., 2016; Li et al., 2018). It is widely distributed in the 78 
Yangtze floodplain, as a dominant in lakes with a wide range of patterns of 79 
water-level fluctuation, representing different hydrological management regimes. Z. 80 
latifolia provides important ecosystem services, contributing to habitat structure, 81 
sedimentation, wave mitigating, and stabilizing the shoreline; it is also of economic 82 
value, supplying high-quality raw material for feed and paper and, when infected with 83 
the fungus Ustilago esculenta, a valuable source of food (Li et al., 1992; Yu and Chen 84 
2008; Guo et al., 2008; Li et al., 2018). However, it can become invasive, leading to 85 
lake terrestrialisation and water hypoxia (Li, 1997;  Li et al., 2007; Zhang et al., 2016). 86 
Although there is experimental evidence concerning the short-term effects of water 87 
depth on Z. latifolia (Bai et al, 2013; Wang et al., 2014; Li et al., 2018; Wang et al. 88 
2018), we still have little insight into its responses to the seasonal patterns of 89 
water-level fluctuation created by different hydrological management strategies 90 
(Zhang et al., 2016). 91 
We hypothesized that annual amplitude of submergence, variously affected by 92 
different degrees of engineered disconnection from the river, would be an important 93 
determinant of the performance of Z. latifolia. Thus our overall aim was a systematic 94 
investigation of its growth and survival in response to water-level fluctuations, over 95 
its annual life history, to elucidate its tolerances and requirements at specific. 96 
Specifically, we sought to examine (1) its phenology; (2) its growth and survival in 23 97 
shallow lakes in the Yangtze flood plain (and one lake in the Huaihe basin) with 98 
contrasting types of hydrological management and, consequently, different 99 
fluctuations in water level; (3) the growth responses of its apical buds and seedlings to 100 
changing both water depth and rates of submergence. 101 
 102 
2 Materials and methods 103 
2.1 Field investigation 104 
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2.1.1 Lakes studied 105 
Twenty-three lakes in the middle-lower Yangtze basin and one lake in the 106 
Huaihe basin (Fig. 1) were selected for investigation. They are all in a subtropical 107 
monsoon climate with an annual mean temperature of 16.1-17.2 °C and annual 108 
precipitation of 996-1600 mm. Lake areas range 2-2933 km2, water depth 0.4-7.0 m, 109 
total nitrogen 0.32-0.88 mg/L, total phosphorus is 0.01-0.06 mg/L, and transparency 110 
(Secchi disc) 45-180 cm. The lakes can be classified into three types, according to the 111 
characteristics of their water-level fluctuations: reservoir-like, intermittent and 112 
quasi-natural (Wang et al., 2016; Yuan et al., 2017; Yuan et al., 2019). Lakes with 113 
reservoir-like fluctuations are completely disconnected from the rivers and show 114 
relatively little amplitude of fluctuation. The highest water level occurs in the flood 115 
season from July to September. However, by the following March, high water level is 116 
maintained because the closure of dams for water storage. Water level gradually 117 
decreases from April-June to an annual minimum, because of water consumption in 118 
the lakes and use for agricultural irrigation (Fig. S1). Lakes with intermittent 119 
fluctuations are mainly sub-lakes in flooded areas. During the dry season, flooded 120 
areas form many independent sub-lakes, which become connected with the main lakes 121 
in the flooding season. Water levels are low from January to May. They rise rapidly to 122 
a maximum in June, because of the rapid rise in the main lake area. After this flood, 123 
levels remain relatively high in these sub-lakes, and decrease to a minimum gradually 124 
after October (Figs S2 & S3). Lakes with quasi-natural fluctuations tend to follow the 125 
natural level of the Yangtze River. Generally, the water level is low from January to 126 
March, beginning to rise gradually from April to June, reaching the maximum 127 
between July and September, and then gradually decreasing (Figs S2 & S3). They 128 
include lakes connected to and disconnected from the river.  129 
 130 
Insert Fig. 1 about here 131 
 132 
2.1.2 Sampling 133 
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The Z. latifolia population of each lake was studied over a period of one year 134 
between 2011 and 2015. Lakes investigated were: in 2011 (Longkou, Nanfeng, 135 
Changyin, Pingfeng, Duchang); in 2012 (Lake Wabuhu); in 2014 (Lake Chaohu, Lake 136 
Poganhu, Lake Caizihu, Xingzi, Chenglinji); in 2015 (Lake Honghu, Lake 137 
Yandonghu, Lake Changhu, Lake Liangzihu, Lake Nanjishan Changhu, Lake 138 
Wuchanghu, Lake Nanjishan Zhanbeihu, Lake Shahuchi, Lake Futouhu, Lake 139 
Dahuchi, Lake Shengjinhu, Lake Shimenhu, Hukou). Each population was examined 140 
four times to cover the annual life cycle: February-March, May-June, 141 
September-October, and December-January. First, the distribution of Zizania in the 142 
whole lake was determined, and then at least three sites in each lake were selected 143 
randomly, including the lowest elevation of its distribution, and the highest elevation 144 
of its distribution. At each site 5-8 square, wooden quadrats (0.25 m2 or 1 m2) were 145 
placed randomly and the percentage plant cover (in vertical projection) and density of 146 
Z. latifolia recorded. Then we measured its overall height (from the base of the plant 147 
to the tip of the topmost unfolded leaf) and its elevation above the water level 148 
(vertical distance from water level to the tip of the topmost unfolded leaf) at the centre 149 
of the plot. Then above-ground material was harvested and taken back to the 150 
laboratory for weighing. Biomass was expressed as fresh mass m-2. The water depth at 151 
each sample site, and the monthly average submergence depth from January to 152 
December were determined from the relative water surface elevation and annual lake 153 
water level data on the day of sampling. From January to December, 2015, the plant 154 
height, biomass, cover, and density of Z. latifolia were also recorded each month in 155 
the lake of the Institute of Hydrobiology in Donghu. 156 
 157 
2.1.3 Water level 158 
Daily water level data for the lakes during the survey years were derived from 159 
records of local gauge stations, and most were accessible from the relevant 160 




nfoQuery/Lake.aspx), provided by Hydrology Bureau of Jiangxi Province and Poyang 163 
Lake Nature Reserve Administration. 164 
 165 
2.2 Pond experiments 166 
Experiments to simulate flooding were carried out in a pond located on the 167 
northeast shore of Baoan Lake in Daye City, Hubei Province (N 30°17'26", E 168 
114°43'49"). It had an area of c. 40 m2 and an average water depth of 1.8 m, with a 169 
water temperature of 20-25 °C, a Secchi transparency of 60-98 cm, and a pH 7.6-7.8. 170 
Plants were grown in plastic pots (top diameter 25 cm, bottom diameter 15 cm, height 171 
20 cm) suspended at different depths in the water column. The rooting substrate was a 172 
3:1 mixture of lake mud (total nitrogen 1.52 mg/g, total phosphorus 0.58 mg/g, and 173 
organic matter 17.52 mg/g) and sand with a depth of 10 cm. 174 
 175 
2.2.1 Experiment 1: Effect of water depth on rhizome bud sprouting 176 
In February 2014, Rhizomes were collected from Baoan Lake and trimmed into 177 
stem segments, each 8 cm long and with one dormant bud. Five stem segments were 178 
randomly planted in each hanging pot, buried 2 cm deep, and pre-cultured for one 179 
week. The formal experiment was conducted. The hanging pots were suspended in the 180 
pond from 1 to 28 March, at eight submergence depths (distance from the surface of 181 
water to the surface of the substrate): 0, 20, 40, 60, 80, 100, 120, 140 cm, with three 182 
replicate pots at each depth. The number of rhizome buds sprouting was recorded 183 
weekly. 184 
 185 
2.2.2 Experiment 2: Effect of water depth on seedling growth 186 
On 25 March, 2014, seedlings were collected from Baoan Lake and those of c. 187 
20 cm were transplanted to suspended pots, with 5 plants per pot. The pots were 188 
suspended in the pond at a submergence depth of 0 cm for one week, to allow 189 
establishment, until plant height was c. 30 cm. Between 2 and 29 April, the pots were 190 
suspended at seven submergence depths: 0, 20, 40, 60, 80, 100, 120 cm, with three 191 
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replicate pots at each depth. Plant height was measured and the number of deaths 192 
recorded weekly. 193 
 194 
2.2.3 Experiment 3: Effect of submergence rate on seedlings 195 
The experimental material and pre-culture treatment were the same as above and 196 
the experimental treatments was applied from 2 April to 29 April. All the pots were 197 
initially submerged at a water depth of 0 cm. Then eight submergence-rate treatments 198 
were applied: 0, 1, 2, 3, 4, 5, 6, 7 cm.d-1, with three replicate pots in each. Plant height 199 
and stem height were measured, and the number of deaths was recorded weekly.  200 
 201 
2.3 Data Analysis 202 
Data manipulation and charting were performed using Microsoft Excel 2010. 203 
Statistical analysis was performed using SPSS 19.0 software. Statistical analysis of 204 
data included Spearman rank corrections, linear regression, and one-way ANOVA. 205 
The significance level of regression parameters was tested using the t-test. In the 206 
one-way ANOVA, multiple comparisons of means were performed using Tukey’s test 207 
at 0.05 significance level.  208 
 209 
3. Results 210 
3.1 Phenology of growth in Z. latifolia 211 
The high-resolution measurements of plant height and biomass throughout 2015 212 
in Lake Donghu revealed an underlying, approximately sigmoidal annual growth 213 
curve (Fig. 2). New stems started growth in February, with the fastest growth from 214 
March to August before it levelled-off in late summer. Plants had died back 215 
completely by November. 216 
 217 
Insert Fig. 2 about here 218 
 219 
3.2 Water level fluctuations and Z. latifolia growth in the field 220 
The six lakes with reservoir-like hydrology showed relatively small annual 221 
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fluctuations in water level that were not strongly seasonal (c. 1 m) and all supported 222 
populations of Z. latifolia (Fig. S1). Z. latifolia grew to a height of 2-3 m in these 223 
lakes, with growth fastest in early summer, although there was some additional 224 
growth by September. As previously, plant biomass followed a very similar pattern to 225 
height. Shoot density reached a peak in March and declined slightly for the remainder 226 
of the growth period. 227 
Z. latifolia populations were also found in eight of the lakes with much greater 228 
annual fluctuations in water level (Fig. S2). Three of these were of the intermittent 229 
type of hydrology and five were of quasi-natural hydrology. As expected, their water 230 
level fluctuations tended to be seasonal, rising rapidly to a peak in July-August that 231 
was 3-5 m higher than winter levels. Z. latifolia grew very much taller in these lakes, 232 
reaching a height of 3.5-6 m, with concomitantly greater biomass. The phenological 233 
trends in height, biomass and stem density were, however, rather similar to those in 234 
the lakes with smaller fluctuations in water level. The phenological progression of 235 
water depths tolerated by Z. latifolia in lakes of low (reservoir-like) and high 236 
(intermittent and quasi-natural) water-level amplitude are compared in Fig. 3. Z. 237 
latifolia was not found at all in the remaining 10 lakes with large annual fluctuations 238 
in water level, five each with intermittent and quasi-natural hydrologies (Fig. S3). 239 
These include the lakes with the greatest annual changes in water level recorded (4.5- 240 
12 m).  241 
 242 
Insert Fig. 3 about here 243 
 244 
Correlations between Z. latifolia performance (height and biomass) at its annual 245 
peak at the end of the growing season (autumn) and submergence depths in different 246 
lakes during the year revealed some striking trends (Table 1). During winter and early 247 
spring there was negative or no significant correlation between autumn height and 248 
submergence depth. From May to November, however, there were significant positive 249 
correlations, those for June and July submergence being the strongest. There was an 250 
even greater correlation between autumn height and annual water level amplitude. In 251 
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contrast, such relationships were not found for autumn biomass, which was generally 252 
weakly negatively correlated with submergence for most of the year, and also with 253 
annual amplitude of submergence.  254 
 255 
Insert Table 1 about here 256 
 257 
The relationships between autumn plant height and both June water depth or 258 
annual amplitude of depth are essentally linear across all lakes supporting Z. latifolia, 259 
including those of all three hydrological types (Fig. 4), even though data for low- and 260 
high-amplitude lakes form distinct clusters along the regression lines. Annual 261 
amplitude proved an extremely good predictor of autumn height in Z. latifolia (Fig. 262 
4B). Autumn biomass cannot be explained consistently by submergence depth or 263 
annual water-level amplitude. 264 
 265 
Insert Fig. 4 about here 266 
 267 
3.3 Effect of submergence depth on rhizome bud sprouting (experiment 1) 268 
 The proportion of Z. latifolia rhizomes able to sprout buds (Fig. 5) was entirely 269 
unaffected by submergence to a depth of 0.4 m. Beyond this depth, it declined rapidly 270 
to 20% by a depth of 1 m but showed no further reduction after that. 271 
 272 
Insert Fig. 5 about here 273 
 274 
3.4. Effect of submergence depth on seedling growth (experiment 2) 275 
 Submergence stimulated seedling elongation growth of Z. latifolia progressively 276 
up to c. 1m at a water depth of 0.6 m (Fig. 6). Beyond that depth, all the seedlings 277 
died. However, height growth was partly at the expense of stem diameter, which was 278 
progressively reduced with greater water depth. 279 
 280 




3.5 Effect of rate of submergence on seedling growth (experiment 3) 283 
 As in the previous experiment, seedlings generally responded to increasing 284 
submergence with greater growth in height (Fig. 7). However the rate of subergence 285 
also proved to be important. Plants survived and continued to grow to the end of the 286 
experiment at subergence rates up to 2 cm.d-1, because the tops of them were able to 287 
remain emergent. When the increasing water level exceeded the plant’s height, they 288 
ceased growth and then died. Seedlings died after 21 days at submergence rates of 3-4 289 
cm.d-1, after 14 days at 5 cm.d-1 and after only 7 days at 6-7 cm.d-1.  290 
 291 
Insert Fig. 7 about here 292 
 293 
4. Discussion 294 
The hydrological diversity of managed lakes in the Yangtze basin (Zhang, 2013) 295 
has provided a range of environmental conditions that effectively encompassed the 296 
tolerances of Zizania latifolia to water-level fluctuations. All of the lakes were 297 
characterized by shallow water in early spring but their water levels exhibited 298 
different amplitudes and timing of change during the growing season. Low water 299 
levels early in the year have previously been associated with invasive spread in Z. 300 
latifolia (Zhang et al., 2016). Although water conservation projects often reduce the 301 
annual amplitude of water level (Poff et al., 1997; Nilsson and Berggren, 2000), it was 302 
lakes with intermittent and quasi-natural fluctuations that revealed its ultimate limits, 303 
as Z. latifolia was conspicuously absent from the lakes with the largest annual 304 
amplitude of water level (i.e. >5 m). This amount of submergence is consistent with 305 
the greatest height recorded for this species (Li, 1995) and presumably represents the 306 
limit beyond which adequate contact with the atmosphere for gas exchange via 307 
aerenchyma could be maintained (Yamasaki, 1984). However, it was lakes of these 308 
same types, albeit with rather smaller annual water-level amplitudes, that yielded the 309 
most vigorous height growth of Z. latifolia. The most modified lakes, those with 310 
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reservoir-like hydrology, were consistent in that all supported populations of Z. 311 
latifolia. Nevertheless, the plants were of shorter stature in them. 312 
In the 14 lakes that supported populations of Z. latifolia, its annual growth tended 313 
to track rising water levels during the growing season. In reservoir-like lakes, this 314 
appeared to limit upward growth, as its height rarely exceeded the water level by 315 
more than 20-30 cm. This gives the impression of a ‘short’ form of the plant, ranging 316 
in maximum height from 0.9 to 2.5 m in height, depending on the lake. Nevertheless, 317 
in the deeper lakes it was able to grow much taller (and attain correspondingly greater 318 
biomass), again tending to exceed peak water levels by a small margin. This gives the 319 
impression of a ‘tall’ form of the plant, ranging in maximum height from 3.4-6.3 m. It 320 
is not clear how upward growth is limited by water level but it is possible that 321 
structural support from the water column is necessary. Our experiments showed that 322 
height growth with increasing inundation depth was partly at the expense of reduced 323 
stem diameter, as was also previously. An experiment by Li et al. (2018) showed that 324 
the stem diameter decreased from 4.5 mm to 2.5 mm linearly when water depth was 325 
0-0.9 m. Another experiment by Wang et al. (2018) found that the stem diameter 326 
decreased from 7 mm to 4.5 mm linearly when water depth was 0-0.36 m. 327 
Lignification of the culms is limited to a sclerenchyma ring and three rings of vascular 328 
bundles (Sumanon et al., 2018), which is probably insufficient to support such tall 329 
plants.  330 
Perhaps our most striking finding was that the clear dependence of final, autumn 331 
height on submergence applied to all of the lakes in which Z. latifolia could survive, 332 
irrespective of their hydrological type. Interestingly the water depth (ranging from 333 
-0.4 m to 3.3 m) in June was the best monthly predictor of final height, even though 334 
the highest water levels were in July. However, it appears that the annual amplitude in 335 
water level was the ultimate determinant of final plant height, as demonstrated by the 336 
highly significant linear relationship them. This suggests that the height response to 337 
water level is essentially continuous and that the apparent segregation between short 338 
and tall phenotypes is simply a reflection of the hydrological discontinuity between 339 
reservoir-like lakes and the other two types of lake. The apparent absence of 340 
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genotypic differentiation is in conformity with the low genetic diversity reported by 341 
Xu et al. (2008) for this species and the importance of clonal, asexual reproduction in 342 
its life history (Yang et al., 1999). 343 
The seasonal progression of height growth in Lake Donghu was similar in 344 
form to that reported for Z. latifolia by Yamasaki and Tange (1981) in experiments in 345 
Japan and Li et al. (1992) in the study in China. Our phenological observations 346 
support the division the life history of the Z. latifolia into five periods (Zhang, 2013; 347 
Liu et al., 2017): the rhizome bud (RB) period (February-March), a period of early 348 
growth (April-May), a rapid growth period (June-August), a flowering and fruiting 349 
period (September-October), and a dormant period (November-January). Plant height 350 
and biomass yield in autumn were generally negatively correlated with submergence 351 
depth in the early part of the growing season, until April and this result was consistent 352 
with the short-term experimental results of Bai et al. (2013), Wang et al. (2014), Li et 353 
al. (2018) and Wang et al. (2018). After this time, we found the switch to a strong 354 
positive correlation, discussed above. Increasing height and biomass over the later 355 
part of the growing season was associated with declining stem densities, suggesting 356 
self-thinning and an element of intra-specific competition for resources, probably 357 
light (Li, 1995). 358 
The pond experiments using seedlings and rhizome buds emphasize the 359 
importance of submergence at the early phenological stages (Bai et al., 2013; Wang et 360 
al., 2014; Zhang et al., 2016; Li et al., 2018). The response of seedlings to water depth 361 
mirrored the results from the field measurements of mature plants. Height growth 362 
responded progressively to increasing depth of submergence up to 80 cm but 363 
maintained an ever-declining aerial portion of 20-40 cm above the water level. 364 
Experiments by Wang et al. (2018) showed that the seedlings of this species could 365 
achieve normal growth out of the water surface after initial conditions of 100% 366 
submergence. However, at a submergence of 1 m and beyond we observed a 367 
catastrophic switch, with no plant survival. Plants could survive total submergence for 368 
only about a week. The triggering of this catastrophe also appears to be related to the 369 
rate of submergence. Although seedlings grew taller with increasing rates of 370 
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submergence, this was only as long as they could maintain an aerial portion and plants 371 
died when overtaken by the water level. As noted earlier, increased height with 372 
submergence was at the expense of stem diameter and excessive weakening of the 373 
stems at this stage may ultimately reduce autumn height in the Poaceae (Qiang, 2006). 374 
We could not study tolerance to the rate of water level rise at later life history periods, 375 
but speculate that it should not exceed the maximum rate of plant growth, as Yuan et 376 
al. (2019) found in a study of Carex species. All of the evidence points the fact that 377 
actively growing Z. latifolia plants cannot survive sustained total submergence. This 378 
is presumably because of the need to maintain gas exchange with the atmosphere to 379 
oxygenate tissues via aerenchyma (Yamasaki, 1984; Wang et al., 2012; Wang et al., 380 
2014).  381 
The same is not true of dormant, carbohydrate-rich rhizomes and their buds, 382 
which can withstand prolonged anoxia, as in many submerged species (Crawford and 383 
Braendle, 1996). Our experiment with this phenological stage was no exception and 384 
the sprouting of rhizome buds was not affected by submergence of 0.4 m; even though 385 
the numbers sprouting declined with deeper submergence, a fraction of about 20% of 386 
buds was not inhibited below 1 m. The experiment by Li et al. (2018) similarly 387 
showed that the RBS percentage decreased to less than 20% linearly when water 388 
depth was 0-0.9 m. In contrast, an investigation by Zhang et al. (2016) in Wuchang 389 
lake found no evidence of this species when water depth was beyond 0.7 m during the 390 
RSB. 391 
 392 
5. Conclusion 393 
 The examination of numerous lakes with contrasting hydrologies, arising from 394 
different degrees of engineered disconnection from the river, across the Yangtze (and 395 
Huaihe) basins has revealed the ranges of tolerance of submergence shown by Zizania 396 
latifolia throughout its annual life history in detail and allowed critical stages to be 397 
identified (summarized in Fig. 8). Our phenological measurements support the 398 
division the approximately sigmoidal annual growth curve of Z. latifolia into five 399 
periods. As hypothesised, the annual amplitude of water level, itself substantially 400 
15 
 
influenced by water levels in June, was the strongest determinant of final plant height, 401 
irrespective of lake management regime. The remarkable phenotypic plasticity of Z. 402 
latifolia allowed it respond to increasing annual submergence up to c. 5 m, which 403 
proved to be its limit for survival. These findings should serve to inform the 404 
management of both wild and crop populations of this ecologically significant aquatic 405 
species and may provide guidance for the management of other emergent 406 
macrophytes. Given the importance of Z. latifolia in different types of lake ecosystem, 407 
its successful management also has implications for the restoration and conservation 408 
of lakes whose water levels need to be managed for multiple purposes.  409 
 410 
Insert Fig. 8 about here 411 
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Figure captions 527 
 528 
Fig. 1 The location of the 24 lakes studied in the Yangtze floodplain (23) and the 529 
Huaihe basin (1), China. 530 
 531 
Fig. 2 Phenology of growth in height and biomass of Zizania latifolia at Lake Donghu 532 
in 2015. Bars indicate one standard error (n = 10). 533 
 534 
Fig. 3 Distribution of upper and lower tolerance limits of water depth for Zizania 535 
latifolia in each month across all lake in which it was found. (A) Lakes of low 536 
water-level amplitude; (B) Lakes of high water-level amplitude. 537 
 538 
Fig. 4 Relationships between plant autumn height of Zizania latifolia and (A) water 539 
depth in June, and (B) annual water-level amplitude in all study lakes in which it 540 
occurred. Autumn height represents the maximum at the end of the growing season 541 
(September or October). 542 
 543 
Fig. 5 Effect of submergence depth on rhizome bud sprouting (RBS) percentage in 544 
Zizania latifolia. The bars indicate one standard error. Different letters indicate 545 
significant differences between treatments (P < 0.05). 546 
 547 
Fig. 6 Effect of submergence depth on seedlings of Zizania latifolia over 28 days in a 548 
pond experiment. Submergence depths: A, 0 m; B, 0.2 m; C, 0.4 m; D, 0.6 m; E, 0.8 549 
m; F, 1.0 m; G, 1.2 m. Stem diameters (diam) at the end of the experiment are also 550 
shown. The bars indicates ±standard error. 551 
 552 
Fig. 7 Effect of rate of submergence (A-H: 0-7 cm.d-1, interval 1 cm.d-1) on seedlings 553 
of Zizania latifolia. Submergence rates: A, 0 cm.d-1; B, 1 cm.d-1; C, 2 cm.d-1; D, 3 554 
cm.d-1; E, 4 cm.d-1; F, 5 cm.d-1; G, 6 cm.d-1; H, 7 cm.d-1. The bars indicate ± standard 555 
error. Height represents the length from the base of the plant to the tip of the topmost 556 
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unfolded leaf. Stem height represents the length from the base of the plant to the top 557 
of uppermost leaf sheath. The dotted line shows the cumulative water level. 558 
 559 
Fig. 8 Conceptual summary of water level fluctuations tolerances and requirements of 560 
Zizania latifolia in (A) Lakes of low water-level amplitude; (B) Lakes of high 561 
water-level amplitude. D, dormant period; RB, rhizome bud period; EG, early growth 562 
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Fig. 4 Relationships between plant autumn height of Zizania latifolia and (A) water depth in June, 593 
and (B) annual water-level amplitude in all study lakes in which it occurred. Autumn height 594 








Fig. 5 Effect of submergence depth on rhizome bud sprouting (RBS) percentage in Zizania 601 
latifolia.  602 
The bars indicate one standard error. Different letters indicate significant differences between 603 







Fig. 6 Effect of submergence depth on seedlings of Zizania latifolia over 28 days in a pond 609 
experiment. Submergence depths: A, 0 m; B, 0.2 m; C, 0.4 m; D, 0.6 m; E, 0.8 m; F, 1.0 m; G, 1.2 610 
m. Stem diameters (diam) at the end of the experiment are also shown. The bars indicates ±611 




Fig. 7 Effect of rate of submergence (A-H: 0-7 cm.d-1, interval 1 cm.d-1) on seedlings of Zizania 614 
latifolia. Submergence rates: A, 0 cm.d-1; B, 1 cm.d-1; C, 2 cm.d-1; D, 3 cm.d-1; E, 4 cm.d-1; F, 5 615 
cm.d-1; G, 6 cm.d-1; H, 7 cm.d-1. Bars indicate ± standard error. Height represents the length from 616 
the base of the plant to the tip of the topmost unfolded leaf. Stem height represents the length from 617 
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Fig. 8 Conceptual summary of water level fluctuations tolerances and requirements of Zizania 623 
latifolia in (A) Lakes of low water-level amplitude; (B) Lakes of high water-level amplitude. D, 624 
dormant period; RB, rhizome bud period; EG, early growth period; RG, rapid growth period; FF, 625 











Fig. S1 Annual changes in water level (A1-F1) and height, biomass and density of Zizania latifolia 633 
(A2-F2) in all the lakes of low water-level amplitude (reservoir-like fluctuations). Water level 634 
represents standardized water level (= observed water level data – mean water level between Jan 635 









Fig. S2 Annual changes in water level (G1-N1) and height, biomass and density of Zizania latifolia 641 
(G2-N2) in lakes of high water-level amplitude (with intermittent or quasi-natural fluctuations). 642 
34 
 
Water level represents standardized water level (= observed water level data – mean water level 643 






Fig. S3 Annual changes in water level in lakes of high water-level amplitude lacking Zizania 648 
latifolia, with intermittent (O1-S1) or quasi-natural fluctuations (T1-X1). Water level represents 649 
standardized water level (= observed water level data – mean water level between Jan and Mar + 650 
1.5 m). 651 
 652 
 653 
